Origin and classification of the middle Wallace breccias by Godlewski, David W.
University of Montana 
ScholarWorks at University of Montana 
Graduate Student Theses, Dissertations, & 
Professional Papers Graduate School 
1980 
Origin and classification of the middle Wallace breccias 
David W. Godlewski 
The University of Montana 
Follow this and additional works at: https://scholarworks.umt.edu/etd 
Let us know how access to this document benefits you. 
Recommended Citation 
Godlewski, David W., "Origin and classification of the middle Wallace breccias" (1980). Graduate Student 
Theses, Dissertations, & Professional Papers. 8157. 
https://scholarworks.umt.edu/etd/8157 
This Thesis is brought to you for free and open access by the Graduate School at ScholarWorks at University of 
Montana. It has been accepted for inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an 
authorized administrator of ScholarWorks at University of Montana. For more information, please contact 
scholarworks@mso.umt.edu. 
COPYRIGHT ACT OF 1975
T h i s  i s  an  u n p u b l i s h e d  m a n u s c r i p t  i n  w h i c h  c o p y r i g h t  s u b ­
s i s t s . An y  f u r t h e r  r e p r i n t i n g  o f  i t s  c o n t e n t s  m u s t  b e  a p p r o v e d
BY THE AUTHOR.
Ma n s f i e l d  L i b r a r y  
Un i v e r s i t y  ^  ^ o ^ ^

ORIGIN AND CLASSIFICATION 
OF THE MIDDLE WALLACE BRECCIAS
by
David W. Godlewski 
B.A., Hamilton College, 1975
Presented in partial fulfillment of the 
requirements for the degree of
Master of Science
UNIVERSITY OF MONTANA
1980
Approved by
Chairman, Board of Examiners
Dean, Graduate ScTyfioI
Date
UMI Number: EP38958
All rights reserved
INFORM ATION TO  ALL USERS  
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
UMT
Oitsssrtation
UMI EP38958
Published by ProQuest LLC (2013). Copyright in the Dissertation held by the Author.
Microform Edition ©  ProQuest LLC.
All rights reserved. This work is protected against 
unauthorized copying under Title 17, United States Code
ProQuesf
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 4 8 1 0 6 - 1346
ABSTRACT
Godlewski, David M.S., Spring, 1980 Geology
Origin and Classif icat ion of the Middle Wallace Breccias 
Director: Don Winston
In three drainages flowing northeast o f f  the B it terroot divide in 
westernmost Montana near the town of Superior, Montana are excellent  
outcrops of the middle Wallace breccias (Precambrian Y, Belt Super­
group) and attendent soft sediment deformation. These outcrops were 
studied and th e ir  parts c lassif ied  in detail  using an empiric scheme 
that grouped the elements of soft sediment deformation (soft  sediment 
fo lds, fa u l ts ,  breccia packages, and open void spaces) into regimes 
that re f le c t  upon genesis and led to a proposed origin for the unit  
of subaqueous slumping. In this c la ss if ica t io n ,  deformational 
structures are grouped into three categories which represent the 
stra in  inferred in th e ir  formation, i . e .  1) T-regime, which shows 
extension of the sediment surface and which is characterized by the 
creation of open voids on a l l  scales (slump scars, c last ic  dikes, 
surface cracks); 2) C-regime, which displays compression of the 
sediment surface (folds of varying britt leness and overturn, soft  
sediment thrusts);  3) P-regime, which shows a lack of sediment 
cohesion and competancy (breccias, load structures, current 
structures) .
The importance of the above defined scheme is that deformation 
structures, while ambiguous when observed ind iv idual ly ,  are placed 
into sets of s im ilar ly  formed structures which define dynamic regimes. 
These regimes, then, can be used to interpret the geologic history of  
a deformed unit at a single outcrop based upon geologic relationships  
such as crosscutting or superposition. In addition, by placing the 
individual lo c a l i t ie s  into a broader stratigraphie framework in which 
single stratigraphie horizons can be d i l ineated,  the re la t ive  position  
of that outcrop on the original slope can be inferred by the abundance 
of one regime's structures over another. On an idealized slope, 
T-regime structures should be most prevalent on the slope i t s e l f  at  
or near the slump's origin.  As the slump moves down the slope 
f r ic t io n a l  resistance between the slumping mass and the slope surface 
w il l  cause the toe of the slump to slow re la t ive  to the t a i l  thereby 
superposing C-regime structures over any other structures in the slump 
sheet. The effects of f r ic t io n a l  resistance w i l l  be most important 
at the base of the slope and therefore the C-regime structures w i l l  
be indicative of that area. F ina l ly ,  the P-regime structures, lacking 
internal competance, w i l l  flow for great distances beyond the slope 
proper, kept in suspension by internal turbulence to f in a l ly  come to 
rest on the slope apron or basin f loor .
i i
ACKNOWLEDGMENTS
I would l ik e  to thank a l l  of the people who e i ther  d irec t ly  
or ind irec t ly  helped me to complete this thesis. I t  was a long road 
and without you i t  would never be completed. I would also l ik e  to 
express my special thanks to Don Winston, Shir ley Pettersen and 
Gil Wiswall.
111
TABLE OF CONTENTS
AB S T R A C T.......................................................  ii
ACKNOWLEDGMENTS..........................................  iii
LIST OF F I G U R E S ................................................  vi
CHAPTER
I. INTRODUCTION ........................................  1
Purpose and Scope .................................  1
Previous Work   3
II. GENERAL GEOLOGY AND LITHOLOGIC DESCRIPTIONS . . .  5
Geologic Setting .................................  5
Stratigraphy   7
Sedimentary Triplets: Description ...............  8
Sedimentary Triplets: Interpretation ...........  11
Breccia Beds: General ............................. 13
Clastic Matrix Breccia ............................. 15
Crystalline Matrix Breccia (Autobreccia) ......... 17
Spaghetti Beds: Description ......................  17
Spaghetti Beds: Interpretation .................... 19
III. SEDIMENTARY REGIMES .................................  22
Tensional Regime . . .  ............................. 22
T Regime Structures ...............................  23
Compressional Regime ...............................  27
iv
TABLE OF CONTENTS (Continued)
CHAPTER
C Regime Structures ..........................  21
Passive Regime ............................... 30
P Regime Structures ..........................  30
IV. SECTION DESCRIPTIONS .........................  33
Trout C r e e k ...................................  33
Trout Creek a-b Interval .................... 33
Trout Creek c-d-e Interval .................. 43
Lost C r e e k .....................................  44
Cedar C r e e k ...................................  46
V. M O D E L ..........................................  50
Li t h i f a c a t i o n.................................  50
Slopes and Deformation Regimes .............  52
M o d e l ...........   64
Alternate Hypothesis ........................  67
VI. SUMMARY AND C O N C L U S I O N S ....................... 64
REFERENCES CITED ........................................... 71
V
LIST OF FIGURES
Figure Page
1. State Map of Breccia Locations ....................... 4
2. Map showing Breccia Locations studied ................ 6
3a. Description of Sedimentary Triplet ..................  9
3b. Photograph of Sedimentary Triplet ....................  10
4. Thin Section Photograph of Sand unit of
Sedimentary Triplet .................................  10
5. Drawing of Clastic Matrix Breccia ....................  14
6. Photograph of Autobreccia .............................  16
7. Photograph of Spaghetti B e d s ........................... 16
8. Thin Section Photgraph of Spaghetti B e d ................ 18
9. Photograph of Spaghetti Bed cut by
Sand Filled S c o u r ........................................ 18
10. T Regime Structures...................................... 24
11. Drawing of T-4 Mud C r a c k s ................................25
12. C Regime Structures...................................... 28
13. Map of Trout Creek Study A r e a ........................... 34
14. Trout Creek a-b i n t e r v a l ................................ 35
15. Photograph of C-2B Fold at Trout Creek
a-b i n t e r v a l ...........  37
16. Photograph of Sand Flow along C-5
Override at Trout Creek a-b interval ...............  37
17a. Trout Creek c-d i n t e r v a l ................................ 40
17b. Trout Creek d-e i n t e r v a l ................................ 41
18. Drawing of Trout Creek Megaclast ....................  42
vi
LIST OP FIGURES (Continued)
Figure "age
19. Lost Creek outcrop d r a w i n g ...........................  45
20. Oligoclase Crystals in Sand Portion
of Triplet at Lost C r e e k ............................. 47
21. Diapir Structure at Lost C r e e k ......................  48
22. Slope Stability Diagram ...............................  53
23. Relationship of Sedimentary Deformation
Regimes to Theoretical Slope ........................  56
24. Table of Sedimentary Elements Found on
M o d e m  Slopes ........................................ 59
25. Table of Structures Found in Study A r e a .............. 60
26. Time/Slope Position Scenario ......................... 62
27a-b Method of Plotting Axis of Soft Sediment
Folds to Derive Slope Direction ......................  63
28. Stereonet Plot of Fold Axes at Trout C r e e k .........  65
29. Model of Middle Wallace Sedimentation ................ 66
vii
CHAPTER I 
INTRODUCTION
Purpose and Scope
The middle Wallace Formation of western Montana and adjacent 
Idaho contains a series of sedimentary breccias and soft sediment folds 
that have originated by slumping and gravity sliding of Wallace sedi­
ments on Precambrian basin slopes. Although these features are wide­
spread in the middle Wallace, they had received l i t t l e  notice before 
th e i r  description and regional mapping by Wallace et a l . ,  (1976).
In the absence of detailed study, speculation on the origin of 
the breccias has ranged from solution collapse to fau lt ing .  For this  
reason the unit has not been used to i ts  fu l le s t  measure in helping 
to define the middle Wallace paleoenvironments or Belt Basin morphology, 
a situation that is highly regrettable considering the usefulness of 
slump breccias in other sim ilar  studies (Hahn, 1913; Stanley, 1967, 
et a l , ) .  One reason for this may be the absence of a working metho­
dology in studying slump breccias in general. Most, i f  not a l l ,  work 
on slumps has been non-systematic in that the structures of the slumps 
have not been integrated into a c lass if ica t ion  scheme that allows con­
sis tent  comparisons with other slumps. Slump structures may be 
described, or at  best used as directional indicators but analysis and 
categorization is lacking. I f  one reads the l i t e r a tu r e  on slumps,
1
he w i l l  see that i t  is commonly the fauna! evidence, spec i f ica l ly  the 
juxtaposition of deep and shallow water faunas, that is the deciding 
factor in inferring a slump orig in ,  not the individual structures con­
tained in the slump sheets. When faced with Precambrian slumps, then, 
one is at a loss, especially considering the s im i la r i ty  between tectonic 
and soft sediment deformation structures. For instance, in the Wallace 
breccias some blocks are so large that one is not always certain i f  he 
is dealing with a breccia clast or non-transported stra ta .  I f  a c lass i­
f ica t io n  scheme existed that l is ted  a l l  types of internal deformation, 
however, one would have the basis to make a sounder decision without 
the necessity of seeing entire  clasts (which is often impossible in 
"typical" Belt terrane).
Now that the mapping of a large portion of the Belt Basin and 
Wallace terrane is in open f i l e  form (Harrison 1974 Wallace, et a l . ,  1977 ) 
i t  is possible to seek out breccia outcrop locations. I have studied 
three locations in detai l  and have been able to construct a c la s s i f i ­
cation which w i l l  categorize the slump structures and allow them to be 
used as environmental indicators. This thesis is then a f i r s t  step; 
i t  provides the basis for a regional study of Belt breccias that can 
lead to a detailed mapping of Belt paleoslopes and, therefore. Basin 
morphology.
Previous Work
Campbell (1960) f i r s t  mapped the middle Wallace breccias in the 
Superior, Montana area and noted th e ir  habit of hosting the numerous 
f luorspar deposits that trend northwesterly close to the Montana-Idaho 
state l in e .  Campbell suggests that shearing along Laramide faults  
formed both the breccias and the numerous t igh t  folds that are 
associated with the breccias.
Wallace, Harrison, Klepper and Wells (1976) showed that on a 
statewide scale the breccias outcrop in a 50 km. wide crescent that 
swings southwestward from Wallace, Idaho to Hamilton, Montana (Fig. 1).  
They concluded that subaqueous slumps originated in the approximate 
present position of the Bit terroot Mountains and moved northerly and 
easterly .  For the f i r s t  time the true widespread nature of the breccias 
had been demonstrated.
Figure 1. State Map showing breccia locations 
from Wallace et. al, 1976
M O N T A N A
Superior
.Missoula
Hamilton
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CHAPTER I I
GENERAL GEOLOGY AND LITHOLOGIC DESCRIPTIONS
Geologic Setting
The breccias in Trout Creek, Lost Creek and Cedar Creek, south­
west of Superior, Montana (Fig. 2) were selected to study in detail  
because of: 1) the excellent outcrops in roadcuts, 2) the lack of a
pervasive metamorphic overprint, 3) the re la t iv e ly  thin breccia zones 
which exposed th e ir  tops and bottoms. The creeks flow through steep 
walled valleys with dense vegetation cover. Exposure in these 
vegetated areas is l im ited, but the breccias' characteristic tan color 
and blocky weathering enables i t  to be traced as scattered outcrop and 
f lo a t  up the valley walls.
The area has been deformed by Laramide age thrusting which has 
transported the Wallace northeastwardly, possibly as far  as 60 kms. 
(Wallace, et a l . ,  1976) and in so doing has impressed gentle open folds 
on the rocks. Subseguent block fau lt ing  has broken the thrust sheets 
into what is possibly a series of klippe and windows. This complex 
tectonic deformation overprint made i t  especially d i f f i c u l t  to d is t in ­
guish tectonic deformation from soft sediment deformation.
Figure 2. Map showing breccia locations studied
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Stratigraphy
Due to i ts  d is t inc t ive  l i thology,  the Wallace Formation is one 
of the most easily ident i f ied  of the Belt units. I t  is everywhere 
carbonate bearing and possesses beds whose subunits (e i ther  sand/ 
a r g i l l i t e  couplets or sand/mud/argil l ite t r ip le ts )  weather in character­
is t i c  tan and black colors.
Campbell (1960) loca l ly  divided the Formation into two l ithologie  
units; the lower Wallace, a thin bedded dolomitic quartz i te ,  and upper 
Wallace, interbedded black a r g i l l i t e  and dolomitic quartz ite .  Harrison 
(1974), while retaining Campbell's two units,  added a th ird  lowermost 
unit of th in ly  laminated green a r g i l l i t e  and interbedded thin dolomitic 
quartz i te  that Campbell had placed in the St. Regis below.
Campbell measured almost 3100 m. of Wallace in the Superior area 
but notes that due to poor exposure this value does not include part of  
his lower unit  and so estimates a tota l  thickness of 3300 m. Other 
measured thicknesses of the Wallace vary greatly basin wide (Harrison 
and Campbell, 1968) with the thickness of the type lo c a l i ty  being only 
1300 m. (Ransome and Calkins, 1908). Construction of isopach maps for  
the Wallace have not s u f f ic ie n t ly  delineated basin morphology, due 
mostly to the widely scattered measured sections, scale of thrusting 
and possible facies changes with the St. Regis below and Missoula 
Group above. I t  is generally true that the slumps and breccias occur 
in the thicker Wallace sections, in Harrison's middle Wallace unit  
(or lower Wallace of Campbell).
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Sedimentary T r ip le ts :  Description
I found three d is t in c t  l i t h i c  types in the middle Wallace slumped 
horizons, the most common of which I have named the sedimentary t r ip le ts .  
The other two l i t h i c  types, breccia beds and spaghetti beds w i l l  be 
described in subsequent sections.
The t r ip le ts  (Fig. 3a & 3b) are repeated la te r a l ly  continuous 
centimeter scale units consisting of a basal 5-20 cm f in e ,  moderately 
well sorted, clean white to gray dolomitic sand that grades upward into 
thinner, moderate reddish brown weathering, mud sized dolomite with up 
to 25 percent f ine sand. Sharply capping the dolomite mud is a thin  
( 2.0 cm) black a r g i l l i t e  lamina. The dolomite of the sands forms 
0.5 - 2.0 mm rhombs that weather recessively to give a tan spotted 
appearance in hand specimen. The sand grains are l i t h i f i e d  by pressure 
solution and quartz overgrowths (Fig. 4 ) .  In thin section the dolomite 
rhombs cut quartz sand grain boundaries indicating that they have re ­
placed quartz grains. Up to 15 percent d e t r i ta l  plagioclase and micro- 
cline feldspar and 5 percent d e tr i ta l  magnetite are present as accessory 
minerals in the sands. The bottom few centimeters of occasional t r ip le ts  
contain d is t in c t iv e ly  coarser sand (0.5 -  2.0 mm) which grades upwards 
into the f in e r  sand over a few centimeters.
The capping black a r g i l l i t e  is composed primarily of the clay 
mineral i l l i t e  (high iron content did not allow determination of 
polytype) and f ine quartz s i l t .
In addition to the minéralogie variation in the t r ip le t s ,  primary
Figure 3a. Description of Sedimentary Triplet showing 
rock type, primary structures and 
depositional mode.
IDEALIZED  
T R IP L E T
ROCK T Y P E PRIM ARY DEPOSITION
STR U C TU R E MODE
Black Argillite
Dolomitic
Mud Gravity
Settling
Mud a  Sand
Structureless ?
.Convolutions
Flaser Low er
Fine Quartz
Crossbeds
Flow
Sand
Ripple
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Regime
Horizontal
Lam inations
Upper
Flow
Regime
~Scours,Load^ “ Erosion
a  Flam es
Figure 3b. Photograph of sedimentary t r i p l e t .  In this specimen 
you can see the sequence of sedimentary structures  
that are developed in the sand portion: (from 
bottom up) plane beds, r ipple  crossbeds, structureless  
in te rv a l .  The next sedimentary t r i p l e t  has succeeded 
in removing the Black A r g i l l i t e  and part of the mud 
portions of the t r i p l e t .
Figure 4. Thin section photograph of the sand portion of the
sedimentary t r i p l e t  (polarized l i g h t ) .  Seen is a well 
sorted and re la t iv e ly  clean quartz sand with pressure 
solution boundaries. Minor amounts of  plagioclase 
feldspar can be seen in the lower h a l f  of photograph. 
The dolomite grain in the center of the photograph dis 
plays i ts  replacement o r ig in .
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sedimentary structures also form repeated cycles (Fig. 3b). Above 
a sharp base the sands possess the following characteristic  upward 
sequence of primary structures: 1) scoured base with 5-15 cm deep
channels, load and flame structures; 2) horizontally laminated sand;
3) 1-5 cm high ripple  crossbeds and f laser crossbeds, with occasional 
bedding convolutions, 4) structureless gradational interval from sand 
to dolomitic mud commonly no more than 10 cms th ick,  5) sharply bounded 
black a r g i l l i t e .
Sedimentary Tr ip le ts :  In terpre tation
The sedimentary structures and the intimate association of the lower 
sand and middle mud portions of the sedimentary t r ip le ts  suggests that  
they were deposited rapidly as single depositional events on top of a 
soft ,  water laden substrates. The water current that carried the sediment 
f i r s t  scoured the top of the sediment surface before the sand began to 
accumulate (Fig. 3b). The erosive power of the currents in the ir  
destructive phase was variable so in places the entire  black a r g i l l i t e  
portion of the subjacent t r i p l e t  is missing (Fig. 3a) while other 
t r ip le ts  are not scoured. In the constructive phase of the water current,  
sand was deposited over the scoured surface from f i r s t ,  the traction  
load in the upper flow regime (recorded as horizontally laminated sands) 
and then from the lower flow regime as water velocity slowed. When 
the current f in a l l y  stopped, i ts  suspended load, consisting of mud sized 
carbonate, settled out. After this single sedimentary event had passed, 
pelagic clay settled down upon the sediment surface and was subsequently
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reduced. This rain of sediment, which records the day to day accumu­
lat ion in the basin, continued unti l  the next abrupt sand and mud in f lux .  
Between the periodic coarse grained sediment influxes the sediments 
were neither reworked by waves nor oxidized, which indicates a depositional 
s i te  with restr ic ted c irculat ion below the local wave base.
Despite the s im i la r i ty  of the sedimentary t r ip le ts  to the "classical"  
Bouma tu rb id i te  sequence (Bouma, 1962) I do not feel that the two facies 
share the same orig in .  Perhaps the two most important differences be­
tween the t r ip le ts  and a true tu rb id ite  is: 1) the lack of a coarse 
fract ion (lower part of Bouma interval A), and, 2) the lack of d is t inc t ive  
tu rb id ite  sole structures ( f lu te  casts, tool marks, e tc . ) .  The 
lack of these structures may be due to a generally lower density in the 
t r i p l e t ' s  current flow compared to a tu rb id i ty  flow. A lower density 
would not allow the suspension of large partic les by turbulent flow,  
nor the formation of f lutes and associated sole markings. Also, since 
the velocity  of a turbid flow is a function of density differences inside 
the flow and outside (Middleton and Hampton, 1973), a reduced density 
would decrease the velocity .
In l ig h t  of these facts I suggest that the mechanism of emplacement 
of the sedimentary t r ip le ts  is a low density, low velocity tu rb id ity  
flow much the same as the submarine sand fa l l s  observed by Shepard 
et  al (1968) in the LaJolla submarine canyon o f f  the coast of Southern 
C ali fo rn ia .  In this example, well washed sand is transported across 
the continental shelf by normal offshore currents and piles up at the
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heads of submarine canyons. There i t  waits unt i l  triggered Into move­
ment by e ither  overloading or seismic shocks. The water and sediment 
current that results from the sand f a l l s ,  while being highly erosive, 
does not a t ta in  the velocity nor density of a true tu rb id ity  flow.
In such sand f a l l s ,  grain suspension is the result  of grain-to-grain  
interaction rather than f lu id  turbulence (Bagnold, 1954), a resu lt ,  
perhaps, of the lack of a large f ine fraction component which would in ­
h ib i t  f lu id  flow.
Box and piston cores taken from the submarine fan at the mouth of 
LaJolla Canyon show f ine  sands that are dominated by horizontal 
laminations and zones of small scale current ripple crossbeds. The sedi 
ment between the sand beds is the normal pelagic mud. The resulting  
sediment package, except for carbonate content is extremely similar to 
the middle Wallace sediments in both l i thologies and primary structures.
Breccia Beds: General
The second rock type is the breccia of the middle Wallace Formation 
which forms two d is t in c t  types: 1) breccia with a c las t ic  matrix, and
2) breccia with a coarsely crys ta l l in e  chemically precipitated matrix 
of quartz and high ferroan dolomite or ankerite cement. In both, the 
majority of clasts are composed of the sandy portions of the sedimentary 
t r ip le t s .  The two types do d i f f e r  in sedimentary structures and overall  
breccia body geometry and these differences lead to two wholly d i f fe re n t  
interpretations of th e ir  orig in .
Figure 5. Drawing of clastic matrix breccia, note the 
angularity of sand clasts vs, the contorted 
shape of argillite. Matrix is sand and 
dolomite mud and supports clasts.
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Clastic Matrix Breccia
Of the two types of breccia in the middle Wallace, the c last ic  
matrix variety is by fa r  the most common. This rock type is composed 
of a chaotic admixture of clasts of greatly varying size and degree of 
1i th i f ic a t io n  supported in a matrix of dolomitic quartz sand (Fig. 5).
For the most part,  breccia clasts are composed of angular quartzite  
pebbles that show l i t t l e  p lastic  deformation, indicating a high degree 
of 1i th i f ic a t io n  at the time of deformation. A r g i l l i t e  c lasts,  on the 
other hand, rarely form angular fragments but instead form highly de­
formed stringers which have flowed around clasts or have to ta l ly  d is ­
integrated.
The Wallace breccias never contain clasts of rock types other than 
those of the "normal" middle Wallace t r ip le ts .  This lack of exotic clasts 
distinguishes the Wallace breccias from normal olistostromes such as the 
LaHood (Hawley, 1976) or pebbly mudstones (Crowell, 1957) suggesting 
that the c last 's  provenance was to ta l ly  from within the Wallace basin.
Internal fabric  such as imbrication or crossbedding is lacking in 
the breccias, although the thicker breccia beds are commonly crudely 
graded across tens of meters of exposure, in which clasts grade upwards 
from meter size blocks at the base to centimeter sized clasts near the 
upper boundary. This grading does not apply to megoclasts (those clasts 
greater than 5 meters in size) for they occur sporadically throughout 
breccia beds and often seem to be concentrated near the tops of the 
breccia units.
Figure 6. Photograph of autobreccia; note closely 
packed clasts. Matrix is crystalline 
ankerite.
Figure 7. Photograph of spaghetti bed showing parallelism
of stringers and cleavage. (parallel with pencil) 
Photograph taken at Trout Creek c-d-e interval.
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The c las t ic  matrix breccias form d is t inc t  beds that are continuous 
and para l le l  to the enclosing sediments across outcrop exposures. The 
thickness of these beds ranges from centimeter scale units to beds 
more than 100 meters thick.
Crystal l ine Matrix Breccia (Autobreccia)
The second type of breccia in the middle Wallace is distinguished 
by i ts  grain supported nature and coarsely crys ta l l ine  void f i l l i n g  
quartz and ferroan dolomite or ankerite cement (Fig. 6) .  All clasts 
in the autobreccia are composed of t r i p l e t  quartzite  and show the same 
high degree of angularity as in the c last ic  matrix breccia. The 
c rys ta l l in e  matrix breccias are to ta l ly  lacking in internal structure;  
even the crude grading of the c las t ic  matrix breccia is missing.
The crys ta l l in e  matrix breccias form in pockets that generally  
tend to be less than ten meters in diameter within larger slump sheets. 
I t  is this type of breccia that is the host l ithology for the fluorspar 
deposits in the Superior area.
Spaghetti beds: Description
One of the most interesting l i thologies in the middle Wallace is 
the dolomite beds that are interlayered at random with the t r ip le ts  and 
breccia beds (Fig. 7) .  The beds range in thickness from 0 .5 -2 .0  meters 
and are la te r a l ly  persistant across outcrop exposures. The dolomite 
is f ine  grained ( 0.05 mm), medium gray, reddish orange weathering and
contains up to 15 percent f ine d e tr i ta l  quartz and feldspar ( 0.1 mm).
Figure 8. Hi in section photograph of spaghetti bed
stringer. Note the concentric arrangement 
of minerology about the quartz filled center. 
The sericite foliation imparts the rock 
cleavage. QTZ = quartz, ANK = ankerite,
DOLO = dolomite, SER = sercite.
Figure 9. Photograph of spaghetti be^ cut by sand
filled scour. The fillings of: the stringers 
do not change at the scoured contact, showing 
that there was an original filling to the 
stringers.
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Their unique character is t ic  is the presence of discontinuous curving 
and interlaced stringers of c rys ta l l ine  quartz and high ferroan dolomite 
or ankerite that cut the bedding at a high angle. The d is t inct ive  
weathering of the reddish dolomite and white stringers had led to my 
naming these units "spaghetti beds".
The lengths of the individual stringers range from as small as 
0.5 cm to more than 5.0 cm; widths are uniformly less than 1.0 cm but 
variation in the third dimension changes the overall geometry of the 
stringers from thin vert ica l  plates to vert ica l  rods. At f i r s t  glance, 
spaghetti beds resemble "molartootli structures", but the crysta l l ine  
quartz f i l l i n g ,  and lack of typical molartooth structures distinguish 
them from true Belt "molartooth structures".
In thin section (Fig. 8) the str ingers, which in hand specimen appear 
monominerallic, are complex. Most commonly, concentric sheaths of 
s e r ic i te  coat the outside of the stringers which imparts a cleavage 
p ara l le l  to the str ingers. High ferroan dolomite or ankerite  forms 
discontinuous patches inside or outside the s e r ic i te  sheaths. Inside 
the sheaths is normal dolomite continuous to the centers of some stringers 
or passing to a blocky quartz mosaic core in others.
Spaghetti Beds: Interpretation
The spaghetti bed stringers are d e f in i te ly  a p re -1 i th i f ic a t io n  fabric;  
Figure 9 shows the top of a spaghetti bed that has been scoured and 
c o v e re d  by the crossbedded sand of an overlying t r i p l e t .  The crys ta l l ine
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f i l l e d  stringers are truncated by the scour showing that they formed 
as open cracks and were f i l l e d  by s e r ic i te ,  ankerite, dolomite and/or 
quartz before they were scoured; otherwise, sand from the overlying 
t r i p l e t  would have f i l l e d  the cracks.
Spaghetti beds have not been previously described and th e ir  origin  
is problematic. The parallelism of the ser ic i te  plates to the walls 
of the stringers suggests mechanical reorientation of clay, perhaps by 
water flow through dewatering paths. I believe that the original  
stringers must have been f i l l e d  by sediment during dewatering, for the 
reason that many stringers do not intercept the sediment surface and 
so could not receive a post-depositional f i l l i n g .  In l ig h t  of th is ,
I suggest that the original sediment contained more sandy zones which 
were no more than sand wisps in the dolomite mud. The dewatering might 
have used these paths p re fe ren t ia l ly  due to the higher permeability.
To some degree dewatering might have "flushed" the paths of th e ir  mud 
matrix,  leaving essentia l ly  quartz sand stringers. Where sand was not 
present, dolomite is now the f i l l i n g .  Recrystall ization during 
diagenesis formed the present blocky quartz mosaic.
I have called upon an original quartz sand f i l l i n g  for the stringers  
only for the reason that by so doing I preclude the necessity of a 
diagenetic replacement of what may have been the original f i l l i n g .  I t  
is e n t i re ly  possible that some other mineral, perhaps an evaporite,  
o r ig in a l ly  f i l l e d  the void spaces. Diagenetic replacement of anhydrite 
by quartz is not unheard of (Tucker, 1975); the process, however,
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usually results in quartz (or dolomite) pseudomorphs a f te r  anhydrite.
Figure 8 shows what, in fa c t ,  may be quartz pseudomorphs on the in te r io r
of a spaghetti bed str inger.  This, however, is a rare example and not
at a l l  conclusive. Besides the formation of pseudomorphs, anhydrite
replacement should also resu lt  in dedolomitization (Evamy, 1967) as the 
+2
Ca concentration in pore waters increases. No such evidence was found 
nor were there other "vanished evaporite" indicators such as Celestite  
(West, 1973) nor length slow chalcedony (Folk et a l . ,  1971). In l ig h t  
of these absences, I feel that I must retain  the theory of an original  
quartz sand f i l l i n g .  This is jus t  one of the questions that surround 
the spaghetti beds. I t  is unfortunate that more cannot be said about 
them, but a detailed study of these structures would constitute a re ­
search project in i t s e l f  and is beyond the scope of this work.
CHAPTER I I I  
SEDIMENTARY REGIMES
In order to analyze the deformation of the middle Wallace slumps 
and breccias, i t  is f i r s t  necessary to classify  the types of attendant 
deformation structures. The c lass if ica t ion  scheme that I have de­
veloped is based both on empiric observation and genetic grouping. The 
types of deformed structures have been grouped into regimes on the basis 
of the dynamics of deformation that led to th e ir  form: 1) Tensional
Regime (T structures),  2) Compressive Regime (C structures),  3) Passive 
Regime (P structures).
Tensional Regime
The tensional regime is defined as a stress system that stretches 
the sediment surface. Displacement by the tensional regime forms open 
voids at  a l l  scales from microscopic cracks to landslide scars l e f t  
a f te r  masses have moved down slope. The problem in observing the 
larger scale structures is in finding areas in which strata have been 
removed. This demands detailed stratigraphie correlation and mapping. 
The Wallace lacks adequate outcrop exposure to find landslide scars so 
that we are l imited to structures that show at most, meter scale 
tensional displacement.
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I t  should be noted that in the following tensional structure 
descriptions, the f i r s t  three structures were not observed in the f ie ld .
I add them mainly for future workers to antic ipate.
T Regime Structures (Fig. 10)
T -1 Slump scars are the hemispherically shaped fa i lu re  headwall 
surfaces that remain a f te r  the slumping of masses of sediment.
T - 2 Pull-aparts and c las t ic  dikes form where tensile  stress 
has not succeeded in separating fractured sediments more than a few meters, 
The voids thus created f i l l  by flowage of underlying or overlying material 
into the voids under l i th o s ta t ic  pressure.
T - 3 P las t ic a l ly  deformed pull-aparts form under the same mechanism 
as I  - 2 structures but d i f f e r  in that the T - 3 pull-aparts deform 
p la s t ic a l ly ,  whereas the T - 2 pull-aparts respond as unit  blocks. In
I  - 3 pull-aparts sediment flows and forms sedimentary boudins in con­
t ra s t  to the sharp breaks that forms T -  2 ' s.
T -  4 Oriented cracks have been found in the black a r g i l l i t e  por­
tions of the middle Wallace sedimentary t r ip le ts .  These cracks, para l le l  
on a bedding surface, in cross-section are highly deformed and canted 
in a uniform plane (Fig. 11). The cracks rare ly  form polygons as do 
normal desiccation cracks but are incomplete single discrete cracks 
or t r i - r a d i a l  cracks. Due to the lack of corroborating subareal exposure 
structures and th e i r  presence in reduced, not oxidized sediments, I 
believe that T - 4 cracks are synaeresis. Identical structures have
Figure 10. T Regime Structures.
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Figure 11. Drawing of T-4 mud cracks showing rough parallelism
and bedding surface. Detail shows the highly contorted 
nature of the sand filled cracks in cross-section.
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been noted in the Eocene Green River Formation (Picard, 1966) and 
in the Middle Devonian Caithness Flagstones of Scotland (Donovan, 1972) 
and have been attr ibuted to subaqueous shrinkage. One point that  
strongly suggests synaeresis is the great amount of compaction that the
cracks in the a r g i l l i t e  show in cross-section (Fig. 11 d e ta i l ) .  The
cracks' downward extensions have been compacted to such a great degree 
that they commonly curl up upon themselves. In subareal desiccation such 
compaction does not occur due to the fact that the mud almost to ta l ly  
loses i ts  pore water and hence, volume change during burial is not great.  
In synaeresis, on the other hand, shrinkage occurs in mud by in ter layer  
water loss not pore water loss; thus compaction greatly reduces bedding 
thickness and leads to the T - 4  cracks' highly contorted cross-section.
L i t t l e  is known of the mechanisms of synaeresis cracking but ex­
perimental evidence by Burst (1965) suggests that rapid s a l in i ty  change 
w il l  cause t r i - r a d i a l  or l inear  cracks in muds i f  they contain a minimum 
of 1 percent expandable clay. The a r g i l l i t e  cracks of the middle Wallace 
d i f f e r  from the cracks produced by Burst only in being para l le l  on
bedding plane surfaces. Picard (1966) in the Green River notes a
similar  parallelism of the cracks which is perpendicular to current 
direction as defined by r ipple  marks. In the Wallace I  a t t r ib u te  the 
paralle l ism of the cracks to the existence of a directing stress during 
the cracks formation. In this case, the cracks would be oriented per­
pendicular to the downslope direction.
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T - 5  Openwork fractures are quartz, ankerite and occasionally 
pyrite  (now limonite) f i l l e d  cracks ranging from 1 to 5 cm in width.
Some fractures are restr ic ted to larger clasts while others transect 
whole outcrops. The fractures cut across slumped horizons and, therefore,  
postdate them.
Compressional Regime
The compressional regime includes a l l  those structures which re f le c t  
a shortening para l le l  to the sediment surface. In the Wallace, most 
observed structures are within the compressional regime. This class 
of structures is the most important for  analyzing the direction of down­
slope sediment movement.
C Regime Structures (Fig. 12)
C -  1 Symmetric folds are upright soft sediment folds with 
symmetric limbs. They were formed in semi-consolidated sediment that  
has been compressed into upright,  but not overturned, folds.
C -  2A Overturned p lastic  folds are asymmetric folds with an 
overturned limb. The limbs are folded, but not broken. C - 2A folds 
are mostly overturned in a downslope d irect ion,  thus providing excellent  
slump direction data.
C -  2B Overturned b r i t t l e  folds are asymmetric folds with broken 
limbs or crests. They were formed in sediment that undersent flexure in 
a s e m i - 1 i t h i f ie d  state. Individual beds are commonly broken into clasts.  
Where i t  is d i f f i c u l t  to distinguish between C -  2A and C - 2B folds.
Figure 12. C Regime Structures.
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the structure is c lass if ied  as C - 2.
C - 3 .  In tras tra ta l  folds are the drag folds in the limbs of 
larger folds. They are formed by d i f fe re n t ia l  movement between adjacent 
beds. Since a single fold can develop drag folds with opposite senses 
of movement on opposite limbs, individual C - 3  folds do not necessarily 
re f le c t  slump direction. At best they indicate slope s tr ike .
C -  4 Imbrication structures are layers of imbricated clasts.
They form where b r i t t l e  beds between ductile sediments break into clasts 
and override one another in the less competent medium. C - 2  structures 
su p er f ic ia l ly  resemble stream cobble imbrication but l i e  in contorted 
sediments.
C - 5  Overriding blocks are b r i t t l y  deformed clasts of one or 
more beds that have overridden another clast along single surfaces.
This type of deformation is more common in thicker units with the move­
ment along the overriding unit commonly reaching several tens of meters.
C - 6  Injection structures are dikes of sand and mud which cut 
across more competent beds along points of stress such as fold hinges 
and bases of C -  5 structures. At the time of formation, there must 
have been beds which were essentia lly  p lastic  and other beds with a high 
degree of 1i t h i f ic a t io n .  Upon stress, the b r i t t l e  or 1i th i f ie d  beds 
ruptured allowing the p last ic  material to flow into the break.
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Passive Regime
Many of the structures in the Wallace slumps and breccias are 
neither tensional nor compressional. They are the structures that  
represent passive flow of non-competent material under no external stress, 
The types of structures included in this regime range from the primary 
current structures of the sedimentary t r ip le ts  to the middle Wallace 
breccias themselves.
P-Regime Structures
P - 1 Current structures are those that indicate transport and 
deposition of unconsolidated sediment, i . e .  crossbeds, f laser  structures,  
graded beds, rip-up clasts and scours.
P - 2 Load structures include flame structures, load casts, and 
convolutions. They indicate deposition of higher density sediment over 
less dense water-laden mud and the consequent downward penetration of 
the more dense matter. These structures are mostly non-directional.
P -  3A Debris flow breccias (c last ic  matrix) are those breccias 
that show indications of sedimentary deposition. That is ,  they have a 
predominantly mud and quartz sand matrix, have a geometry that is 
bounded above the below by surfaces that were open to the sediment-water 
interface and have internal sedimentary structures (grading, matrix 
support) that represent a non-tectonic or igin .
p -  3B Autobreccia (c rys ta l l in e  matrix) are those breccias which 
because of the ir  c rys ta l l in e  cement matrix indicate that they were 
formed as internal deformation within some larger block that was involved
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in slumping, and so had no opening to the sediment-water interface  
along which sediment i n f i l l i n g  could occur. Brecciation was merely 
a response of b r i t t l e  sediments which fractured inside large clasts.
P - 4 Megaclast are those breccia clasts that are greater than 
f iv e  meters in size. Some blocks in this category reach t ru ly  astounding 
dimensions, one such block at Trout Creek is twenty meters thick and 
can be traced three-fourths of a kilometer up the valley walls.
Deformation of megaclasts is e i ther external or in ternal .  In ­
ternal deformation is the result  of compressional or extensional stresses 
generated by the megaclast's movement down a slope. Internal deformation 
is commonly seen as internal folding, fau lt ing or fracturing. I  - 5 
open work fractures can commonly be seen transacting megaclasts that  
measure tens of meters in size. Likewise, P - 38 autobreccia is common 
to the in te rn a l ly  deformed megaclast in this size range.
External deformation results in blocks that have highly contorted 
outer margins, again the result  of a megaclast's downslope movement.
Some megaclasts, with a high degree of external deformation, show very 
l i t t l e ,  i f  any internal deformation. This may be an effect  of dampening 
of stresses by the outside of the megaclast which, in e f fe c t ,  acted as 
a "cushion" for the rest of the c last .
The velocity of the megaclast on the slope may not have been "express 
t ra in"  speeds. Instead the clast probably jostled  the ir  way down the 
slopes riding within large debris flows. Evidence for this can be seen 
in the Trout Creek megaclast (Fig. 18). As this clast is traced out
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along s tr ik e  i t  thins to a couple of meters. I t  is doubtful that such 
in te g r i ty  could be maintained at speeds faster than a slow creep down 
the slope. I t  should also be noted that the P - 4 megaclast's character­
i s t i c  position high within a debris flow probably allowed i t  to be 
suspended above any intense turbulence that would occur at the base of 
a flow. Any megaclast caught in this bottom turbulence most l ik e ly  was 
soon reduced to a quantity of much smaller clasts. The high position 
of megaclasts in a debris flow also produces one of the best re ­
connaissance indicators of slumping. During weathering, the megaclasts 
prove more resistant  than the surrounding breccia matrix and so weather 
out, forming e i ther  large isolated e r r a t ic - l i k e  blocks on slopes or 
jagged spires along ridge crests.
CHAPTER IV 
SECTION DESCRIPTIONS
Trout Creek
Between mileposts 9 and 11 on the Trout Creek Road (Fig. } are 
some of the best exposures of the Wallace breccias and accompanying 
deformation in Western Montana. Brecciated and deformed beds crop out 
in te rm it ten t ly  between undisturbed intervals in cuts where the road 
winds up the steep canyon. Two of the best exposed intervals a-b and 
c-d-e (Fig. 13) were selected for detailed study.
The two intervals d i f f e r  somewhat in both l ithology and deformation 
sty le .  Interval c-d-e shows,by fa r ,  the more extensive breccia outcrops, 
while interval a-b has some spectacular examples of soft sediment de­
formation with re la t iv e ly  l i t t l e  breccia.
Interval a-b appears s tra t igraph ica l ly  lower than interval c-d-e,  
but structural complications obscure th e ir  original relationship. There­
fore,  I shall deal with the two intervals as separate exposures.
Trout Creek a-b Interval
The large scale structure of interval a-b (Fig. 14) is a overturned 
an t ic l ine  with a N-58*-W trending axis and a NE direction of overturn.
The folds at point 8 and 11 are C-3 folds due to th e ir  position within  
the NE limb of the larger structure. The direction of overturn of
these folds is opposite to that of the folds from points 4-6. This
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Pirure 13. Map of Trout Creek study area. No township and 
range references are available.
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Figure 14. Sketch of Trout Creek a-b interval. Boxes 
outline positions of figures 15 and 16.
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relationship can be used to in terpret the existence of the large scale 
structure even though i ts  axis is not exposed.
The extreme western end of the Trout Creek Interval (points 1-3,
Fig. 14) presents what I believe is the key to the interpretation of the
orig in  of the structure. Looking at a detai l  of this interval (Fig. 15)
we see a series of folds which display varying amounts of b r i t t l e  fa i lu re  
in response to the folding event. For instance, at the r ig h t  hand 
side of the photo can be seen a large C-2A fold which has no fracturing  
at  a l l .  In fa c t ,  l i t h i f i c a t io n  was so s l igh t  that in the hinge of the 
fo lds,  A C-6 in jection structure has formed from what must have been 
to ta l ly  unconsolidated muds. Above these p lastic  folds, the style of 
deformation becomes more b r i t t l e ,  u n t i l ,  at the point d irec t ly  below
the P-3A breccia pocket, the beds have accommodated the stress by breaking
into discrete clasts with very l i t t l e  flexure of the beds. This 
fracturing of b r i t t l e  beds during folding may be the agent responsible 
fo r  the brecciation of the Middle Wallace. At the contact between the 
uppermost C-2B fold and the P-3A breccia i t  becomes increasingly d i f f i c u l t  
to distinguish between beds fractured in folding and clasts in the breccia,  
and, in fa c t ,  i t  may be that no such d ist inction is re a l ly  va l id .  This 
intimate association of intensely folded strata and breccias leads to 
the interpreta t ion that they share the same genesis.
The pocket of P-3A breccia that overlies the deformation a t  points 
1 through 3 contains clasts that are angular, matrix supported by f ine  
sand and mud, and grade f in e r  upwards to a sharp contact with the
Figure 15. Photograph of C-2b fold at Trout Creek a-b interval.
Notice the small P-3a breccia pocket just below the 
hat. Overlying beds do not reflect the deformation 
that has taken place in the contorted sediments below 
hat.
Figure 16. Photgraph of sand flow along C-5 override at 
Trout Creel a-b interval. The single sand 
layer flowed in an almost liquid state along 
the brittley deformed override.
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overlying beds. No clasts are cut by the contact; and In places i t  
seems as though the breccia matrix is continuous with the overlying 
sand beds. The general impression is of a depositional contact. Given 
that this is va l id ,  the breccia represents the deposit of a viscous 
submarine debris flow that has f i l l e d  the depression caused by the folded 
beds below. Since these folds are not reflected in the overlying sediments 
they must have occurred previous to th e ir  deposition and are most l ik e ly  
the resu lt  of the gravity sliding of a mass of previously deposited 
sediments and th e ir  subsequent deformation during that s l iding.
The main problem remaining in this hypothesis is the d i f fe r ing  
styles of deformation that the folded sediments possess. As has already 
been explained, both C-2A p lastic  folds and C-2B b r i t t l e  folds are found 
in th is r e la t iv e ly  small outcrop. This problem of d i f fe r ing  competencies 
is one that was continually confronted during this work. A more thorough 
treatment of the problem is forthcoming in the chapter on the model 
(Chapter V),  a t  this point I merely wish to bring to l ig h t  the fact that  
deeper the beds are in the slump sheet the more p lastic the deformation 
sty le .  This suggests that beds confined by a few centimeters of over- 
lying sediments deform p la s t ic a l ly  while beds nearer to the depositional 
in terface and so lacking the confining pressure deform b r i t t e ly .
Another example of the l i t h i f i c a t i o n  e f fec t  can be seen at point 12 
on the a-b interval (Fig. 16). Here a small reverse fa u l t  formed by 
b r i t t l e  deformation in a series of q u a r tz i te /a r g i l1i te beds, loose sand 
from a bed below the faulted sequence, however, has flowed along the
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f a u l t  plane. Clearly the sand bed that flowed did not possess the degree 
of l i t h i f i c a t i o n  that the faulted beds did.
The breccias of the a-b interval are almost a l l  of the P-3B 
autobreccia var ie ty .  Their lack of c last ic  matrix or of any sedimentary 
current structures indicate that they formed by internal deformation within  
a larger unit ( in this case the large outcrop scale fo ld ) .  The P-3B 
autobreccias were not transported and received no matrix i n f i l l i n g  as 
in the case of the P-3A Debris Flow Breccias. This is probably the 
resu lt  of the lack of an outle t  to the surface through which matrix 
material could enter the breccia pocket. In the absence of a sand and 
mud matrix, c rys ta l l in e  cement was precipitated in the void spaces. The 
original high porosity may be one factor which led to the precipitation  
of f lu o r i t e  into the P-3B void spaces.
The rhéologie agreement of the minor soft sediment structures to the 
large an t ic l ine  indicates that the ent ire  a-b interval must i t s e l f  be 
a soft  sediment fo ld .  By rotating the undisturbed sediments of point 1 
to point 4 back to horizontal,  the large scale fold becomes a large 
C-2 asymmetric fold and can then be interpreted as a large slump sheet 
which, in s l id ing,  overrode i ts  toe.
I t  should be noted th a t ,  although the most impressive features on 
the a-b interval are compressional, there are many examples of tensional 
structures. T-4 oriented cracks are well developed in a l l  the sediments, 
and numerous T-5 quartz f i l l e d  cracks, occur throughout the section.
Some are restr ic ted  to single quartz ite  beds, while elsewhere they cut
Figure 17a. Trout Creek c-d interval
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Figure 17b. Trout Creek d-e interval
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Figure 18. Drawing of Trout Creek megaclast.
This clast is surrounded by breccia and 
contains a picket of P-3b autobreccia.
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across many layers, regardless of l i thologies.  The T-5 quartz f i l l e d  
cracks, which appear la te r  than the original deformation, represent the 
f in a l  extensional stress imposed on the section.
Trout Creek c-d-e Interval
The c-d-e interval (Figs. 17a, and b) of Trout Creek d if fe rs  
markedly from the a-b interval in being more than half  P-3A breccia.
In addit ion, i t  lacks the large scale fold that so intimately controls 
the minor structures of the a-b in te rva l .  The large gentle fold at 
point 32-38 is tectonic (Laramide) and postdates the Precambrian 
Wallace soft sediment deformation. This fold repeats the section so that  
the breccia at  points 1-15 is the same horizon as point 66-74. A small 
tectonic fa u l t  at  point 19 foreshortens the l e f t  limb. The correlation  
of the breccia beds is ,  of course, tenuous; i t  is impossible to guess 
the throw of the point 19 f a u l t .  In this case,the correlation of the 
points 1-15 and points 66-74 breccia beds was based upon the apparent 
thickness of the units. The large breccia zone of the c-d-e interval  
represents the most remarkable of a l l  breccia zones studied. The zone 
is at least 150 m thick and contains the largest megaclasts measured.
I t  caps the ridges on e i ther  side of Trout Creek and i ts  megaclasts 
form d is t in c t iv e  pinnacles along ridge spurs providing an excellent  
reconnaissance indicator of the breccias. I t  is within this zone that  
the 20 m X .75 km megaclast already mentioned is found (Fig. 18).
Due to i ts  extremely large size, this megaclast could easily be mistaken
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for  autocothonous strata that were deposited between two succeeding 
breccia zones. The internal C-1 and C-2 folds and also P-3B 
(autobreccia) breccia pockets indicate that i t  was transported. This 
transport becomes more obvious along str ike  where the clast thins and 
becomes more intensely deformed, brecciated and cut by breccia dikes.
The remaining portion of the c-d-e interval is composed of a l t e r ­
nating normal Wallace t r ip le ts  and meter to centimeter scale breccia 
zones. Occasional t r ip le ts  are deformed by small C-1 or C-2 folds 
(points 24-35, 33-35, Fig. 17a). I in terpret  this interval to represent 
recurrent viscous debris flows caused by slope fa i lures  of varying 
in tens ity ,  followed by periods of less chaotic sedimentation as evidenced 
by the concordant breccia beds interlayered with normal middle Wallace 
t r ip le t s .
Some of the C-2 type folds of the normal sediments are overturned 
to the NE. Others are overturned to the SW. Since they are not drag 
folds of a larger fold as were the C-3 folds of the a-b in te rv a l ,  they 
must be related to opposite slope orientations. This variance in slope 
direction must be a f a i r l y  local phenomenon and so the folds may indicate  
an i r reg u lar  sea bottom topography, perhaps the result  of piles of  
sediment a t  the slope base of larger scale slumps.
Lost Creek
The Lost Creek section displays none of the fantastic  slump folds 
such as those of the Trout Creek a-b in te rv a l ,  but is more akin to the
Figure 19, Lost Creek outcrop drawing. Intrusive is at the 
East end.
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c-d-e Trout Creek interval in that i t  contains a series of debris 
flows interlayered with middle Wallace t r ip le ts  (Fig. 19). The unique 
feature of  the Lost Creek section is that i t  contains more T-4 
synaeresis cracks in the a r g i l l i t e  portion of the t r ip le ts  than the other 
two sections.
Thermal metamorphism of the NE end of the Lost Creek section by a 
small intrusion has altered the Wallace, recrys ta l l iz ing  the breccia 
matrix, developing b io t i te  rims around many of the clasts and growing 
mill imeter scale oligoclase crystals in the quartzites (Fig. 20).
Apparently the crystals are zoned from Ca rich species to Na rich 
species about the C axis for they weather p re fe ren t ia l ly  from the center 
out, resulting in crystals with hollow centers (see detail  Fig. 20).
Evidence in the Lost Creek section again indicates differences in 
the l i t h i f i c a t i o n  of the various sediments during the Wallace slumping. 
Figure 21 from ju s t  below the major breccia unit at Lost Creek, i l lu s t ra te s  
a small d ia p i r - l i k e  structure of coarsely c rys ta l l ine  quartz that has 
intruded along the basal sl ide plane of a C-5 override. The overlying 
quartz i te  bed fa i led  b r i t t l y  while the quartz bed below flowed into an 
area of lesser stress.
Cedar Creek
Cedar Creek possesses no remarkable structures nor extensive out­
crops. For the most part breccia clasts are less than f ive  cms. The 
lack of good outcrop, in contrast to the coarser breccia lo c a l i t ie s
Figure 20. Oligoclase crystals in sand portion of a triplet 
at Lost Creek. Detail shows the zoning nature of 
the crystals with their hollow weathering nature.
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Figure 21. Diapir structure at Lost Creek. At the time 
of deformation quartz bed must have been in a 
plastic state while surrounding beds must have 
been more brittle.
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suggests that the small breccia clasts weather more easily and so 
recessively. This tendency of the f iner  breccias to form slopes is 
expressed at Quartz Creek to the southwest and may be the cause of the 
prominent valleys at the uppermost contacts of the breccias of Lost and 
Trout Creeks, My interpretat ion of this section is that i t  represents 
e i th er  a d ista l  portion of a debris flow or the uppermost f ine gradation 
of a larger buried breccia unit.
CHAPTER V 
MODEL
Li th i f ic a t io n
One of the most important considerations in interpreting the 
formation of the middle Wallace breccias is the range in 1i th i f ic a t io n  
of the deformed sediments. During deformation, some units acted in a 
b r i t t l e  manner while other units deformed p la s t ica l ly  and flowed as 
grains. Commonly these two styles are so closely associated that in 
places fractured beds are interlayered with ones that have flowed. Sand 
beds were most commonly l i t h i f i e d  and consequently most breccia clasts 
are quartz ites.  Not a l l  sand beds were l i t h i f i e d  before slumping so 
that flowed sand beds grade to fractured beds.
The 1i th i f ic a t io n  of the sediments is one aspect in which the 
Wallace penecontemporaneous slumps d if fe rs  from most other slumps pre­
viously described. Ball and pil low structures (Kuenen, 1943) and 
slump overfolds and pinch-outs (Spreng, 1967) so common in other slumps 
are absent in the middle Wallace. In fa c t ,  auto breccias (angular, 
l i t h i f i e d  clasts) are not at a l l  common in slumps; debris flows in 
slumped units are most commonly "pebbly mudstones" (Crowell, 1957) 
which d i f f e r  from the Wallace breccias in that they are f lu v ia l ly  
rounded pebbles and cobbles of older rocks. Contemporaneous sediments 
in slumps are usually so soft that they form stringers (Spreng, 1967).
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The range of pre-slump 1i th i f ic a t io n  suggests early cementation 
ju s t  below the depositional Interface, which is common in carbonate 
bearing sediment that l i e  for periods of time at  the depositional surface 
The original permeability of the sand apparently allowed mineral sat­
urated waters to migrate through sand beds, cementing them and leaving 
the less permeable muds uncemented. The s l ight  amounts of carbonate 
mud of the sediment t r ip le ts  may have dissolved out of the muddy laminae 
and have been reprecipitated in the more permeable sandy laminae as 
very weak meniscus cement between points of grain to grain contact. That 
carbonate now forms the scattered dolomite rhombs in the sands. I f  
th is  were the tota l  i n i t i a l  extent of cementation, beds confined to the 
least degree would p la s t ic a l ly  deform as the weak cementation fa i led  
through pressure solution or mechanical fa i lu r e .  Unconfined beds would 
b r i t t l y  deform. Such appears the case at  the Trout Creek a-b Interval  
at  points 1-4.
I t  seems unlikely that the cement that presently l i t h i f i e s  the sands 
was there a t  the time of soft sediment deformation. Experimental work 
on s i l ic a  cement (Heald and Renton, 1966) shows that the high pressures 
and temperatures needed to cement s i l ic a  are not consistent with what 
must have been the P/T conditions at  the time of the Wallace deformations 
Carbonate cementation of sands, however, occurs rapidly at surface 
P/T conditions. Tert ia ry  sands of the Fraser River Delta are cemented 
by carbonate into nodules that res is t  disaggregation during dredging
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(Garrison, et  a l . ,  1969). dates on these carbonate cements are
consistently younger than 10,000 years.
For these reasons I feel that early carbonate cement probably 
o r ig in a l ly  cemented some Wallace beds.
Slopes and Deformation Regimes
Although the middle Wallace breccias are unlike most other slump 
derived masses in containing angular clasts,  I believe that the great 
amounts of soft  sediment deformation, the obvious sedimentary contacts 
of the breccias to overlying sediment, and the overall geometry of the 
breccia units strongly supports the slumping in terpreta t ion .  I intend 
to show la te r  in this chapter that no other origin can so consistently 
account for the varied features of the middle Wallace.
The Wallace upon slumping must have moved down unstable slopes as 
gravity sl ide sheets. The original slope angles, while not presently 
evident, may have been quite low. Dott (1963) estimates that slopes 
with as low an angle as 0.5° may f a i l ,  i f  pore pressure is great enough 
to overcome l i th o s ta t ic  load. Modern continental slopes which have 
slope angles in the 3-10° range (Shepard, 1963) have in i t ia te d  slumps 
up to 400 m. thick and 100 km long (Grand Banks slump, Heezen and Drake, 
1962). Continuous seismic p ro f i l ing  of continental margins show slumping 
to be a common agent in submarine slope erosion. The abundant slumps 
have given rise to speculation that they are responsible for the fo r ­
mation of such topographical features as basin aprons, or,  in a specific  
case, the Blake Outer Ridge (Andrews, 1967).
Figure 22. Slope stability diagram from Moore, 1961.
C = cohesion of sediments, ^ = angle of interval friction, 
i = slope angle. A,B,C,D,E,F represent various hypothisized 
slope conditions. Line B,C,E is the boundary between the 
stable and unstable fields. When a line, originating at 
0, crosses B,C,E, the slope becomes unstable and slumping 
can occur.
53
UNSTABLE FIELDCO
CO
w
oc
H
(O
Û:<
LÜ
X
CO STABLE
c-
D I R E C T  S T R E S S
The processes of slumping have been studied for both subareal and 
submarine environments. Simply stated, slumps occur on slopes when 
shear strength of the sediment is overcome by downslope stress. Shear 
strength is mathematically expressed as the sum of the cohesion of the 
sediments plus the product of the angle of internal f r ic t io n  and ef fect ive  
pressure (e f fec t ive  pressure = normal load - pore pressure, Moore, 1961). 
Downslope stress is the downslope vector of the force of gravity.  I f  
we resolve the stresses acting upon a mass of sediment upon a slope 
into two components, d irec t  stress (or load) and shear stress (or down­
slope stress),  we can plot up a s ta b i l i t y  diagram (Fig. 22) which we can 
use to predict the parameters of slumping. In this diagram: C = cohesion
of the sediment (empirically derived from "quick shear tests") i = 
slope angle, and 0 = angle of interval f r ic t io n .  The upper case le t te rs  
A, B, C, D, E, F represent various hypothesized slope situations. The 
"strength" of a sediment is represented by the l ine  B-C-E and the vertical  
pressure, or tendency to slump is represented by the l ine  0-A-E. Slumps 
w il l  therefore occur where the vert ica l  pressure crosses into the un­
stable f i e ld .  I t  is readily  apparent from the diagram that unless the 
slope angle is greater than the angle of internal f r ic t io n  ( iJX 0) 
slumps w i l l  not occur. Given these conditions i t  is now possible to model 
a slope environment to determine the point a t  which a slope w i l l  be un­
stable. In condition 1, a sediment p i le  develops that has a thickness 
(or load) of 0-D. The corresponding vert ica l  stress on a slope angle of 
i is 0-A, but strength is greater than the stress and so the slope is
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stable. In condition 2, we increase sediment load to 0-F, vert ica l  
stress increases to 0-E which equals sediment strength and slumping 
can occur. S im ilar ly ,  by increasing i ,  that same 0-D sediment package 
could be caused to slump without having to increase thickness.
Relating this to the Wallace, we see that C, the cohesion of the 
sediment, is f a i r l y  great due to the early cement of the sands. In 
order to overcome th is ,  a steep slope and thick sediment p i le  would be 
required fo r  the slope to f a i l .
The thin a r g i l l i t e  portion of the t r ip le ts  may have been the 
"weak links" in the system. At the time of deformation the a r g i l l i t e s  
do not seem to have been l i t h i f i e d ,  in fac t ,  some structures (C-3 
in t ra s tra ta l  folds) obscured in the slump deformation seem to indicate  
that slippage along bedding planes was common. A "grease" such as 
u n l i th i f ie d  mud would allow such sliding to occur.
The great thicknesses of the slump sheets in the Wallace demonstrates 
that the Wallace slope remained in a metastable state for long periods 
of sedimentation before slumping. While th is  might only re f le c t  periods 
of build-up for the sediment load in order to overcome resistance to 
sliding ( i . e .  increasing sediment load from 0-D to OF on Fig. 22) i t  
might also re f le c t  the absence of "triggering" effects .  I t  has been 
well demonstrated that slopes can remain metastable for periods of time 
only to be jarred into movement by seismic a c t iv i ty .  Examples of such 
occurrences are numerous, Hebgen Lake s l ide ,  Montana; Turtle  Mountain
Figure 23. Relationship of sedimentary deformation regimes 
to a theoretical slope, [cross-section view) 
Tensional regime conditions dominate high on 
the slope and are superceded by the compressional 
regime as the slope angle decreases. At the 
toe of the slope the passive regime dominates and 
continues out into the basin.
T REGIME ------- 1
P REGIME
57
s l id e ,  Alberta; the Lake of Zug s l ide ,  Switzerland; Valdez Harbor s l ide ,  
Alaska, etc. In each case the slopes remained coherent unti l  triggered 
by earthquake shocks, and in each case the slides were devastatingly 
large. Rascoe (1975) reports structures which he believes are indicative  
of deformation accompanying earthquake shocks. He describes "sand blows" 
both recent and fo s s i l ,  in which sand in an unconsolidated state was 
f lu id ized  by shocks and was ejected as volcanoes at the surface or as 
sedimentary dikes and s i l l s  within other sediment. Although no "sand 
blows" were found in the Wallace deformation, the features in many 
aspects our quite similar to some sandy C-6 structures found at the 
Trout Creek a-b in te rv a l ,  in that they are sands that flowed as a l iquid  
along breaks in bedding.
I f  the slumping of the Wallace were in i t ia te d  by earthquake a c t iv i t y ,  
then the presence of breccias might be used to locate contemporaneous 
f a u l t s .
While i t  is at this point impossible to determine d ire c t ly  the 
Wallace paleoslope angle, an understanding of the dynamic processes of 
the slope may enable us to in fe r  the slumps' relationship to that slope.
A cross section of a theoretical slope (Fig. 23) relates the deformational 
styles of the Wallace slump to the paleoslope. As can be seen, the slope 
i t s e l f  is an area of extension, and so is dominated by I  regime structures 
At the lower extent and base of slope C regime structures become more 
important as the gravity potential of the slope decreases, and sediment
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begins p i l ing  up. Debris flows, showing a majority of P regime structures 
possess l i t t l e ,  i f  any, internal competence (Crowell, 1957), and con­
tinue beyond the toe of the slope onto the basin f loor .  This theoretical  
model applies well to modern slope environments. Figure 24 (Stanley 
and Unrug, 1972) shows that slump sheets and gravity glide blocks con­
centrate at the base of the continental slopes with turbidites deposited 
fa r ther  out. Using this scheme, i t  is now possible to place the out­
crops of Wallace breccia into a geometrical relationship with the Belt  
paleoslope.
Figure 25 shows in a tabular form the types of structures that are 
most common at the various breccia lo c a l i t ie s .  Tensional structures,  
except for T-4 mudcracks and T-5 openwork cracks are absent in 
any of the in tervals .  T-4 and T-5 structures are only common at the 
Trout Creek a-b interval and the Lost Creek in te rva l .  Compressional 
structures, especially C-2 folds and C-5 overrides are much more common 
at the Trout Creek a-b in te rva l .  Passive structures are best repre­
sented at the Trout Creek c-d-e interval and Lost Creek.
The d is t inct ion  between outcrops' depositional and slump setting  
becomes more apparent when the individual structures are analyzed.
Of the tensional structures present, only T-5 cracks indicate slope 
location. The overprint of T-5 structures on a l l  others at the 
Trout Creek a-b interval shows that while the original resting place 
fo r  th is  in te rv a l 's  gravity glide sheet was at the slope's base, i t  must 
have la te r  been subjected to tension which formed the T-5 cracks that  
cut a l l  other structures. This indicates that the slope did not remain
Figure 24. Table of sedimentary elements found on 
mondern slopes, from Stanley and Unrug, 
1972.
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Figure 25. Table of structures found in study area. A
blank box indicates an absence of that structure,
R = rare, P = present, C = common, and N = numerous.
Table of Structures
INTERVAL T-l T-2 T-3 T-4 T-5 C-l C-2 C-3 C-4 C-5 C-6 P-l P-2 P-3o P3b P-4
Trout Greek a b R C N P N C P P P P R C R
Trout Creek ode R P P P P C P N N N P N
Lost Creek N C R P R R R R N N N P P
Cedar Creek - R P P C
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in the same place through a l l  time, but migrated or shifted position 
so that areas once at the slope's base (C-regime) were la te r  on the 
slope i t s e l f  (T-regime). I f  the slope were fa u l t  controlled or even 
f a u l t  generated, this s h i f t  could easily be explained by recurrent 
fau l t in g .  Figure 26 shows this scenario and how i t  might have operated. 
At t - l ,  a fa u l t  in i t ia te d  slump comes to rest at the slope base and 
is deformed in the Compression regime. At t -2  a second movement along 
the fa u l t  (or,  probably, another fa u l t )  causes another phase of 
slumping and raises the t - l  slump into the tensional regime. The 
length of time between the two events ( ( t - 2 )  - ( t - l ) ) ,  i f  great enough, 
could allow the sediment to l i t h i f y  the t - l  slump mass and allow T-5 
cracks to cut across a l l  l ithologles including breccias. T-5 cracks 
should re f le c t  the las t  undeformed tensional d irection.
T-4 structures, which show a minor extension, may not be related to 
the main slope at a l l ,  ra ther,  they may show the effects of local topo­
graphy on the basin f lo o r .  I f  such is the case, then the occurrence 
of T-4 structures, ( indicating tension) and P structures at Lost Creek 
section would no longer pose a problem in th e i r  close association. The 
T-4 cracks may jus t  re f le c t  undulations on the sea f loor .
The most important of the compressional regime structures to a 
broad picture of the Wallace slumps are the C-2 folds that indicate slump 
direction (Hansen, 1967; Spreng, 1967; Stone, 1976). In an ideal case 
(Fig. 27a) a slump w i l l  have a curved front with folds overturned in the 
downslope direction. Fold axes of the slump, plotted on a stereo net
Figure 26. Time/Slope position scenario. At t-l slump 
comes to rest at base of slope in the 
compressional regime. Further fault activity 
(t-2) elevates previously slumped mass into 
the tensional regime.
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t-l
S L U M P
t -2
Figure 27. Method of plotting axes of soft sediment 
folds to derive slope direction, from 
Hansen, 1967. Figure 27a gives a schematic 
representation of a slump front originating 
as a straight surface at A-B, after slumping, 
slump front is a curved surface
Slump folds in the slump front should, therefore 
posess the orientations as shown in the stereonet 
plot (27B). The true slip line should be found 
to bisect the great circle defined by the slump 
fo 1 d s .
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(Fig. 27b) w i l l  show folds of opposite rotation disposed along a great 
c i r c le  that is bisected by a separation l ine that is paral le l  to the 
slope direction (Stone, 1976). A similar analysis of the Trout Creek 
C-2 folds (Fig. 28) shows a separation l ine oriented approximately 
N-40°-E. This, then, should be the direction of slumping for this lo c a l i ty  
The absence of large numbers of C-2 folds at the other lo c a l i t ie s  pre­
cludes a judgment on th e ir  slump directions, but orientation of flame 
structures and some folds at Lost Creek are in close agreement with 
Trout Creek.
Model
Using a l l  the interpretations outlined in the preceding sections, 
we are now able to construct an integrated interpretat ion of the sedi­
mentary processes of deposition of the middle Wallace breccias (Fig. 29). 
Early during the local deposition of the middle Wallace, a fa u l t  dropped 
down a block forming a shelf-slope-basin morphology. The shelf was above 
wave base so that f ine quartz, feldspar and magnetite sand was trans­
ported as traction sediments across the shelf .  Carbonate mud produced 
on the shelf  was transported along with the sand to the mouths of sub­
marine canyons. The canyons funneled the sediment mixture down the slope 
as low density/low velocity grain flows. Upon reaching the submarine 
fan these sediments were deposited as the lower sand and middle mud 
portions of sedimentary t r ip le t s .  As each flow event slowed,the current 
receded from erosion through upper and lower flow regimes and f in a l l y  
stopped to allow grain by grain sett l ing  of suspended carbonate mud. 
During periods of quiescence, p o l i t ic  clay rained down to form the f ina l
Figure 28. Stereonet plot of fold axes at Trout Creek.
The slip line is approximately N-4QO-E.
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Figure 29. Model of Middle Wallace Sedimentation.
Sediment is transported into the basin via 
slope channels as low density, low velocity 
sand flows. Periodic earthquake shocks dislodge 
sheets of sediment as gravity slides which come 
to rest at the base of the slope. Breccias, 
generated by slumping, continue beyond the base 
of the slope as high density debris flows.
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black reduced portion of the t r i p le t s .  Earthquakes periodically  
detached sheets of slope sediment which glided to the northeast and 
came to rest at  the slope base. Fragments broken from the sheet during 
slumping, continued moving beyond the toe of the slope as high density 
debris flows, depositing clasts and megaclasts in a mud and sand matrix 
on the basin f lo o r .  Recurrent earthquakes produced repeated slumps 
throughout the middle Wallace separated by beds of normal Wallace t r i p ­
le ts .
Alternate Hypotheses
As noted in the introduction, the breccias of the middle Wallace have 
been interpreted in a variety of ways. I believe that of a l l  the possible 
in terpreta t ions,  submarine slumping f i t s  the available data best.
Solution collapse - solution collapse breccias are formed by the 
dissolving soluble beds (commonly evaporite) and collapsing the overlying 
beds into the newly formed cavit ies .  The single requirement v i ta l  to 
th is  mechanism is the presence of bedded evaporites interlayered with 
the host rock. Once solution has started, the highly p last ic  evaporite 
minerals w i l l  tend to flow, thereby brecciating the rock interlayered  
with i t  (Stanton, 1966). The characteristics of solution collapse are:
1) very angular c lasts ,  2) sharp lower boundaries with a gradual up­
ward fading of the brecciation into in s itu  brecciation, 3) a crys ta l l ine  
matrix between the clasts (Middleton, 1971). Some breccias may be traced
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l a t e r a l l y  into undeformed limestone and evaporites (C l i f to n ,  1967).
The angularity of the Wallace breccia clasts and the crysta l l ine  
matrix P-3B breccias both suggest solution collapse. However, i t  does 
not explain: 1) the sharp top contact of the breccias to normal 
sediment, 2) the soft sediment deformation of the Wallace breccias,
3) the abundance of c last ic  matrix between the breccia clasts. I f  the 
breccias did form by solution collapse, one would expect to find both 
pure limestones and some vestige of evaporites, neither of which were 
observed in the Wallace.
Tectonic Breccia - Campbell (1960) proposed a tectonic origin for 
the Wallace breccias in the Superior, Montana area. Angular tectonic 
breccias with e i ther  c las t ic  or c rysta l l ine  matrices often occur along 
f a u l t  zones (Blount and Moore, 1969). However, fau lt ing cannot explain 
the obvious soft sediment deformation nor the concordant geometry of the 
breccia beds.
CHAPTER VI 
SUMMARY AND CONCLUSIONS
A detailed analysis and c lass if icat ion  of the structural elements 
in the middle Wallace breccia zones leads to a gravity induced slump 
in te rpre ta t ion .  The c lass if ica t ion  scheme developed in this work has 
grouped the sedimentary structures of the Wallace slump into three 
categories;
1) Tensional Regime, which is indicative of the slope environment 
and displays extension in the downslope direct ion. These structures 
formed voids or cracks perpendicular to bedding which f i l l e d  e ither  
with sediment derived from the Wallace or precipitated crysta l l ine  
mosaic of quartz and/or ankerite. The scarcity of T regime structures 
in the study area suggests that the source for the slumps was farther  
upslope.
2) Compressional Regime, which was indicative of the lower or base 
of the slope at  the point where the momentum of the slump mass was being 
overcome by f r ic t io n .  Compressional structures are most often repre­
sented by folding or overriding of the slump mass. Overturned folds
or C-2 structures are useful in delineating a slump direction based 
upon fold axes and direction of overturn. A C-2 fold plot of the 
structures at  Trout Creek indicates that movement was northeastward.
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3) Passive Regime, which was indicative of the basin f loor and 
show a tota l  lack of intergranular cohesion. This regime is charac­
ter ized by debris flow deposits of varying viscosit ies.  The clast  
size of the breccias is highly variable with some of the larger clasts  
(P-2) displaying internal C regime deformation.
The u t i l i t y  of this system is the fact that i t  allows the worker 
to observe and i n i t i a l l y  place these structures into categories which 
are organized at a higher level into genetic units leading to a f inal  
in terpre ta t ion  of or igin .  The regimes have been constructed in such a 
way as to allow a separation of soft sediment structures from la te r  
tectonic structures on a scale that is amenable to e ither local or re ­
gional scope.
I t  is my hope that the methodology employed in this thesis can be 
used elsewhere in the Belt Supergroup in order to define more closely 
the slope morphology of the basin as well as broaden our present knowledge 
of the breccias themselves.
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